We discuss a simple experiment for detecting small deformations by speckle interferometry. The optical setup uses a laser diode for the source together with a lens to expand the laser beam and a beam splitter dividing the beam and illuminating two scattering surfaces. A low-cost, commercial charge coupled device ͑CCD͒ photocamera provides images of the two superimposed speckle fields through the beam splitter. We first take a picture with the system at rest, and then take a second one after a deformation is made in a surface. By simple subtraction of the digital pictures, we obtain a fringe pattern that gives us information about the deformation.
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I. INTRODUCTION
A coherent optics laboratory is a major attraction of undergraduate optics courses. Popular experiments involving interference and diffraction are Young and Michelson interferometers, Fourier filtering, speckle interferometry, and simple hologram recording. In particular, the Michelson interferometer is useful for illustrating concepts such as coherence length, fringe pattern formation and decoding, and displacement measurement by fringe counting. Due to its sensitivity, even in its basic configuration, the Michelson interferometer requires a set of mechanical and optical components of high quality. Mirrors and the beam splitter should be properly polished and coated; mounts should have the appropriate degrees of freedom and allow fine movement for optical alignment and control.
In this paper we describe a speckle interferometry experiment that replicates the basic Michelson setup, but that is far less critical in terms of the required performance of the optomechanical components. The light source is a laser diode, diffusive surfaces are used in place of the mirrors, data acquisition is performed with a common charge coupled device ͑CCD͒ photocamera, and the analysis is done on a personal computer with standard image processing software. We describe the experiment in detail, and demonstrate how surface deformation recovery is accomplished.
Speckles are ubiquitous in coherent imaging. Numerous applications in the area of optical metrology also are available. Specific techniques are electronic speckle pattern interferometry and speckle photography.
1-3 Among the various experiments that can be performed with speckles, the measurement of the refractive index of a liquid in a cell was reported. 4 The subject of speckle interferometry is well established. [5] [6] [7] [8] [9] Uses include several high technology areas of nondestructive evaluation and testing. For example, speckle interferometry is widely used to measure the deformation of micro electromechanical systems. Other applications range from medical studies on bone dynamics to quality inspection of various products. [10] [11] [12] Although the concept is quite simple, the experimental apparatus typically includes dedicated instruments and is complex and expensive. Here we propose using a digital photocamera as a major piece of equipment. Such cameras are now widely available and reasonably priced. Our apparatus lets students explore in a simple manner the basic mechanisms of speckle interferometry. At the same time the experiment has the flavor of research-level measurements and is valuable for its educational content.
II. SPECKLE INTERFEROMETRY PRINCIPLE
When a rough surface is illuminated by a laser beam, the diffused light appears similar to a granular pattern, because of the random spatial variation of intensity. This phenomenon is called ''speckle'' and is clear evidence of the coherence of the laser source. The physical description of this phenomenon is traditionally given in terms of the statistical interference of waves, namely the local field is a linear combination of elementary contributions ͑''phasors''͒ with random amplitude and phase; the treatment follows that of a random walk in the phasor plane. 13 A typical configuration producing image speckles is shown schematically in Fig. 1 . The pattern that results by imaging a rough surface with a lens is itself a speckle field. The minimum size s of the image speckles is related to the optical system f -number F and the magnification M , and is given by
where is the wavelength of the laser, and s is the radius of the Airy disc that is formed for the given optical imaging configuration. Although random and granular in their structures, speckle patterns are coherent fields and can interfere with waves and other speckle fields within the coherence limits imposed by the source and the optical configuration. A setup to demonstrate interference is shown in Fig. 2 . The configuration is similar to a Michelson interferometer with scattering surfaces substituted for the two mirrors. The coherence characteristics required for the source and the mechanical stability of the mounting also are similar to that of a Michelson interferometer. In practice, a coherence length L of approximately 1 cm or longer facilitates the adjustment of the optical paths so that their difference is smaller than L, as is generally required to observe fringes with interferometers. An isolated optical table would be necessary if the setup is mounted in an unstable or vibrating environment. However, for most experimental conditions, it is sufficient to clamp the mountings on a rigid board or table so that all the optical components are firmly attached to the same frame. If the experiment is done in the basement, the components can even be placed directly on the floor.
The beam splitter divides the laser beam into two parts, each of which illuminates a different surface. The beam splitter also serves to combine the light diffused by the two surfaces. An image forming optical system ͑for example, a converging lens͒ is used to collect the diffused light and project the image onto a screen. For these conditions there are two overlapping images of the diffusing surfaces on the screen, each being a speckle field. By adjusting the arm lengths so that the optical path difference is within the coherence length of the source ͑for safe operation, equalizing the distance between the diffusers and the beam splitter͒, the two fields interfere, although the resulting intensity distribution still appears as a speckle pattern due to the random nature of the interfering fields and thus no fringe is visible.
The single image speckles are indicated by S 1 (x,y), S 2 (x,y), and the resulting speckle field is S(x,y)ϭS 1 (x,y) ϩS 2 (x,y). The image intensity is given by ͉S(x,y)͉ 2 . A small deformation of one surface of the order of a few wavelengths does not alter the granular structure of the image speckle but induces a phase change in the grains. As a consequence, the new image intensity ͉SЈ(x,y)͉ 2 is made of the same speckle grains as ͉S(x,y)͉ 2 , but such grains are luminous or dark according to the new interference condition. In particular, to make a speckle grain change from luminous to dark, a surface displacement ⌬(x,y)ϭ/4 is required, exactly like the fringes in a Michelson interferometer. Due to the double pass in reflection, the actual optical path difference is OPD(x,y)ϭ2⌬(x,y)ϭ/2, so that the local field is in phase opposition. The condition of phase opposition is that OPD is an odd multiple of /2, or equivalently the displacement is ⌬(x,y)ϭ (/4) (2Nϩ1), where N is an integer. Conversely, the intensity of the speckle grain is unchanged when OPD is an even multiple of /2, so that the displacement is ⌬(x,y)ϭ (/2) N.
The subtraction ͉S(x,y)͉ 2 Ϫ͉SЈ(x,y)͉ 2 cancels out the speckle grains that are unchanged, leaving a dark area in their place. Overall, a noisy bright fringe pattern then appears, showing the areas displaced by odd multiples of /4. Contiguous fringes differ by an integer, that is, by a step displacement of /2. Finally, fringe decoding provides information on the entire deformation incurred by the surface.
In classical speckle photography, pictures of the image pattern are taken before and after the displacement. The photographic film is then processed, and the images are subtracted. The latter operation is critical and difficult due to tight positioning tolerances of the frames. The use of a CCD photocamera significantly simplifies the task. The pictures are downloaded to a personal computer and subtraction is performed pixel by pixel with standard image processing software.
III. EXPERIMENTAL SETUP
The configuration used for the experiment is shown in Fig.  3 . The light source is a 5-mW laser diode at the wavelength ϭ680 nm. Such sources are commonly available as pointers or pattern projectors and provide a coherence length of a few centimeters, which is enough for our configuration. A lens is used to increase the laser divergence so that a significant portion of the target surfaces is illuminated. The surfaces are made of satin-finished aluminum plates. Because the scattering angle is typically wide, such surfaces do not need to be exactly aligned. We used a polished glass plate with partial metal coating on one face as a beam splitter. Even a sheet of uncoated float glass works, but the final intensity of the two beams is weaker.
To image the surfaces and detect the speckles, we used a CCD photocamera, adjusting its operation. The major requirement is that most of the speckle grains are resolved, that is, their size exceeds that of the camera pixels. The pixel size is fixed, so we must adjust the speckles. As seen from Eq. ͑1͒, to maximize the speckle size we have to choose the maximum magnification M and F, the maximum f -number of the photocamera. Some digital cameras also provide a control for the resolution, which must be set at its maximum. For our camera the CCD is 25.4ϫ45.7 mm 2 , with a pixel size of 19 m. The magnification was evaluated by imaging a ruler and finding M Ӎ1/3. If we use Fϭ8 and ϭ0.68 m in Eq. ͑1͒, we obtain s Ӎ8.7 m for the radius of the Airy disc, and 2 s Ӎ17 m for the minimum speckle extent ͑full size͒. The latter value nearly matches the pixel size, so we can expect that the resolution condition is fulfilled.
To avoid vibrations we could link the camera to a personal computer and take pictures with a keyboard command without touching the camera. Instead, we used the camera remote control. The main characteristics of the camera that we used are reported in Table I .
When we position the camera, it is sufficient to focus on one scattering surface through the beam splitter. Because the optical paths to the two surfaces are the same, and the beam splitter overlaps the images, the other surface is automatically focused on as well. To demonstrate the operation of speckle interferometry, we induced a deformation in a surface. One of the aluminum plates is weakened along a center line, so that it can be easily deformed by pushing a mechanical tip on its rear side ͑Fig. 4͒.
To avoid having too many fringes, the deformation should not exceed a few microns. The operation is easier if the plates are firmly fixed to the table and the tip movement is even and smooth.
In a measuring run, we first take a picture with the system at rest. Then, after a small displacement of the tip, we take a second picture. The two pictures are transferred to a personal computer, where it is possible to perform a pixel by pixel subtraction. A typical result is reported in Fig. 5 . Naturally, we also can record a series of pictures at increasing displacements of the tip to follow the evolution of the deformation ͑see Fig. 6͒ .
IV. DATA PROCESSING AND RESULTS
Once the speckle interferograms are recorded, we can interpret them qualitatively, keeping in mind the physical meaning of the incremental displacement exhibited by contiguous fringes. Because the pictures are already in a computer, we can process them to gather more precise quantitative information on the deformation. The data consist of the location of the fringes and their ordering number in a sequence. Fringe location can be associated with fringe centers, and numbering can proceed ͑arbitrarily͒ from left to right. As with regular wave fronts, speckle fringes are also affected by a sign ambiguity that can only be removed with external knowledge.
It is straightforward to write software where the user samples the fringe centers by clicking a mouse and proceeding from one fringe to next. The result is a file with the numbers (x,y,z) on each line, where x,y are the spatial coordinates of the sampled points, and z is the displacement, given by the fringe number multiplied by the scaling factor /2. Finally, we can write software to read this file and fit the data to an appropriate function.
In our experiment we have a plate leaning against two lateral posts, pushed by a back tip ͑see Fig. 4͒ . Because the plate has a deep groove about its center line, it mechanically behaves like a pair of half-plates hinged together. Making the tip advance produces a relative swing of the half-plates about the groove. Therefore, we expect the deformation to be a bend formed by two intersecting planes, each of which relates to the displacement of a half-plate. The intersection line is located at the strong slope change of the fringes and is used to discriminate the points of each plane. We identify this line with the equation yϭmxϩb, where m and b are evaluated by the user. The equations for the two planes P 1 and P 2 are z 1 ϭAxϩByϩC ͑ Plane P 1 ͒, ͑2a͒ 
By imposing the intersection of the two planes along the line yϭmxϩb, we obtain
We wrote a program that performs a least-squares fit to the data and finds the best values for the quantities A, B, C, and D. These values are then used to reconstruct the two planes P 1 and P 2 . In Fig. 7 we give an example of speckle processing, showing the source interferogram, the fringe sampling, and the surface deformation, reconstructed after such a fit. To evaluate how well the fit matches the data, we computed the standard deviation of the departure of the fit from the data. We found Ӎ0.1 m, which compares quite favorably with the maximum deformation of 5.8 m that is measured.
V. CONCLUSIONS
We have reported on a speckle photography experiment to detect small deformations of a surface. The required components are a laser diode, a lens, a beam splitter, two diffusive surfaces, a digital camera, and a personal computer. These components are typically inexpensive and usually are available in optics laboratories. The processing of the speckle pattern to obtain fringes also is simple. With computer assisted data analysis, precise information on the deformation can be gained. We found the experiment has much educational value to illustrate basic concepts of coherence and the interference of light. 
